Abstract: In this paper, we review recent progress toward efficient and versatile devices for terahertz applications. Low-loss transmission lines and waveguides are discussed, as well as potentially high-power photomixing devices based on carbon nanotubes.
Introduction
Recent technical innovation has made the terahertz (THz) frequency range more accessible for scientific and industrial applications. Numerous applications have been explored in areas such as security, drug analysis, inspection, and spectroscopy [1] - [3] . These applications benefit from the short wavelength, intermediate photon energy, and unique penetration or absorption properties of photons at THz frequencies. However, difficulties in generating, manipulating, and detecting THz radiation continue to plague most applications. Source powers tend to be low. THz optics is costly, difficult to align, and has high loss. Detectors are expensive, inefficient, and usually require alignment with an optical pump source. These factors restrict THz applications to exploratory and scientific investigation.
In terahertz time-domain spectroscopy (THz TDS), a femtosecond optical pulse is divided into two beams and focused on the emitter and detector. The generated THz wave from the emitter is then focused on the detector. Generally, this would require precise alignment of THz lenses, with associated loss. Confining THz radiation within waveguide structures offers tremendous potential advantages in size, performance, and versatility, driving research on many types of THz waveguides. Using transmission lines and waveguides can help the integration of THz systems, avoiding the difficulties associated with THz beam-shaping and beam-steering optics. In addition, output power must be increased. The most commonly used source of THz radiation for frequencies less than 3 THz is a photoconductor-driven antenna fabricated on low-temperature Gallium Arsenide (LT-GaAs). Optical power limitations (largely due to thermal conductivity) and carrier dynamics limit output power from these devices to small fractions of a milliwatt.
This review focuses on recent activity in the development of THz waveguide technology and new devices for the generation of THz signals with potentially higher power using carbon nanotubes (CNTs). We review recent progress with slot-line and two-wire waveguides operating at THz frequencies and propose a photoconductive device based on CNTs that has the potential to dramatically (200Â) increase available output power.
THz Transmission Lines and Waveguides
Transmission lines, including microstrips, striplines, slot-lines, and coplanar striplines, are critical components for microwave systems. However, loss and dispersion limit the applicability of conventional transmission lines at frequencies beyond 100 GHz. There has been intense interest in using metallic waveguides for THz applications [4] - [6] . One application for waveguide structures is spectroscopy. This is driven in part by the complementary set of spectral features provided relative to Raman spectroscopy. Rotational transitions of light polar molecules and low-frequency vibrational modes of large molecular systems can be probed by THz spectroscopy. Other interesting directions for waveguides include a highly sensitive microfluidic sensor using the TE 1 mode of a parallel-plate waveguide [7] and superfocusing of THz radiation to below =50 using plasmonic waveguides [8] .
It has been shown that microstrips can be used as THz lines [9] . Of the many types of planar lines, however, the slot-line structure is more compatible with THz photoconductive switches, allowing high coupling efficiency of THz waves into the transmission line. Conventional slot-lines, which are formed by a thin slot in a conductive coating on one side a dielectric substrate, have proven to have high loss at THz frequencies due to electromagnetic shock wave radiation. The slotline surrounded by a homogeneous medium [see Fig. 1(a) ], on the other hand, can be a low-loss transmission line for THz waves as it avoids radiation loss into the substrate. It also supports a TEM mode that is free from cutoff frequency and group velocity dispersion, making it suitable for broadband applications. Fig. 1(b) shows the electric field distribution of the TEM supported by a slot-line in a homogeneous medium. The field is mostly concentrated at the edges of the conductors. Knowing the field distribution, we recently estimated the absorption of the slot-line in a homogenous medium to be about 2 cm À1 at 1 THz [10] , which is an order of lower than conventional lines.
Pushing for lower loss, single [12] and two-wire waveguides [13] have been explored. The twowire waveguide offers both low loss and good coupling to most photomixers. We evaluated two-wire waveguides for THz frequencies and developed an analytical expression for the TEM mode. Knowing the field distribution, we estimated less than 0.01 cm À1 loss [13] and good coupling efficiency [14] from typical THz sources. We fabricated a simple two-wire THz waveguide using a pair of 300 m diameter gold wires separated by roughly 1 mm. The 10-cm-long wires are supported within a glass tube and stretched with modest tension between two plastic end caps. We measured experimentally picosecond pulses [see Fig. 2(b) ] with significant amplitude after 10 cm transmission using the setup shown in Fig. 2(a) . By comparison, rotation of the waveguide by 90 , such that the dipole field is orthogonal to that of the TEM mode, results in the anticipated extinction.
Implication of New Materials
Aside from guiding and managing emitted THz power, the power emitted and the receiver sensitivity are of fundamental importance. There are many different approaches for generating THz radiation [14] . Photoconductive switches (PC switches) in pulsed mode and photomixers in continuous wave (CW) mode are most commonly used mainly because they are tunable and low cost. The structure consists of a fast photo-absorbing semiconductor layer on a THz-transparent substrate with an antenna structure to shape the radiation pattern generated by absorption of the optical pump (Fig. 3) . New nanomaterials have been suggested to boost the efficiency of the conversion from the incident optical power to the output THz power [15] - [17] . Higher mobility nanomaterials, such as CNT and graphene, are the top candidates for this efficiency improvement [16] , [17] .
Semiconducting single-wall carbon nanotubes (S-SWNT) are of particular interest for THz photomixers and PC switches because they offer tunable optical absorption [18] , [19] . Consideration of the basic theoretical dependencies of devices based on LT-GaAs, but with substitution of CNT parameters, suggests a two-order-of-magnitude improvement in output THz power compared with LT-GaAs [18] . Further studies are necessary to address the dynamics of each parameter and consider the 1-D nature of CNTs in the PC gap [19] . The number of free photocarriers is the key parameter for engineering the SWNT film, and this number is affected by many parameters such as incident power, carrier life time, film optical density, filling fraction, etc., which are dependent on SWNTs chirality, purity, and fabrication method [20] . Estimation of number of free photocarriers in the SWNT film can then be followed by using the proper model to derive the conductivity of the film, which is a task that has been addressed in other applications of this material [20] . Estimating the dependence of the conductivity of the film (CNTs spanning the PC gap) on the optical pump, and using a circuit model for the photomixers, enables prediction of the THz output power.
Fabrication of THz photomixers with a SWNT film as the PC material in the gap is challenging. CNTs of the appropriate chirality must be aligned spanning the gap with sufficient density to absorb the pump and with good electrical contact to the electrode (gold) structure. Since these are common challenges with CNTs, many methods that have been developed can be applied to this challenge [21] , [22] . An example of CNTs deposited across a 5-m gap at the feed point of a 20-m dipole antenna on high-resistivity Silicon is shown in Fig. 3(b) . We continue working to improve deposition uniformity, alignment, and thickness. 
Summary
We have reviewed recent work in waveguides and photoconductors for THz applications. Low-loss waveguides may simplify alignment and increase interaction length and versatility. CNT-based photoconductors offer possibilities for higher signal power and more sensitive receivers. Challenges remain significant, but progress continues along the path to a next generation of improved THz systems.
